Dykes often grow next to other dykes, evidenced by the widespread occurrence of dyke swarms that comprise many closely-spaced dykes. In giant dyke swarms, dykes are observed to maintain a finite spacing from their neighbors that is tens to hundreds of times smaller than their length. To date, mechanical models have not been able to clarify whether there exists an optimum, or natural spacing between the dykes. And yet, the existence of a natural spacing is at the heart of why dykes grow in swarms in the first place. Here we present and examine a mechanical model for the horizontal propagation of multiple, closely-spaced blade-like dykes in order to find energetically optimal dyke spacings associated with both constant pressure and constant * 710 Benedum Hall, 3700 O'Hara Street, Pittsburgh, PA, 15261, USA Email address: bunger@pitt.edu (Andrew P. Bunger)
case, it is valid to assume (Nordgren, 1972) w(x, t) = α 1 H p(x, t) − σ I E ,
where E = E/(1 − ν 2 ) for Young's modulus E and Poisson's ratio ν, and 120 σ I is the compressive stress exerted on the dyke by its neighbors, which is 
where the classical "Big O" notation is used to indicate the limiting behavior 124 of the series. Similarly for the closely spaced case h H R (Supplemen-
125
tary Section 1) the interaction stress is approximated by
Also, α 1 (H/h) is a factor that accounts for interaction where for a single, pressurized crack in plane strain , and the small spacing (H/h 1) limit determined numerically, as detailed in Supplemen-
130
tary Section 2.
131
Assuming the magma is incompressible, fluid continuity, which comprises 132 the second governing equation, is given by (Nordgren, 1972) 133
where q(x, t) is the volume rate of flow through a cross section, once again 134 w is the opening along y = 0, and α 2 (H/h) is a factor that behaves like 
where µ = 12µ and µ is the dynamic viscosity of the magma, and α 1 , α 2 , α 3 , but rather that we have confirmed these to be order one.
153
The leading edge of the dyke requires a condition governing its propaga- boundary conditions on the thickness and magma flux at the leading edge
and the magma source condition, which is discussed in the following section. 
Magma Source Condition

172
The source is idealized as a time varying volume of magma (V (t)) that is 
Hence, p o (0) and V (0) are the source overpressure and volume at the start of dyke growth and V d and V r are the total volume injected into dykes and 179 added to the source region through recharge processes, respectively. Giant dyke swarms are usually thought to be fed by mantle plumes (Ernst et al.,
181
2001), and so the recharge processes envisaged here would be the supply of 182 magma from the tail to the head of these mantle plumes.
183
The total volume is thus given by
Q(t) = q(0, t) be the volumetric flow rate out of the source and into the 185 dykes, and Q r (t) be the recharge rate of the source region, we have
This description of the source leads naturally to consideration of two 187 limiting cases. The first is for an infinitely large and compressible source,
188
where we are left with a constant pressure condition
Obviously, for Q r = Q, this boundary condition is associated with time being
190
sufficiently small so that the second term on the right hand side of Eq. (8)
191
vanishes relative to p 0 .
192
On the other hand, the small, incompressible source limit is most clearly
193
represented by differentiating Eq. (8) with respect to time to obtain
where it is clear, then, that the source boundary condition is
which is a condition of constant influx if we further assume Q r (t) = 
where the overdot indicates the time derivative and, following Lecampion
234
and Detournay (2007), it is easy to show thatẆ r = Q r p f ,Ẇ df = Qp f , and
For the infinitely compressible source, that is, when p = p 0 at the inlet ac-237 cording to Eq. (9), maximizing the rate of decrease in stored elastic energy 238 in the magma source corresponds to maximizing Q (when Q r is a constant).
239
The first of two energy conjectures, then, is that dyke systems associated with Bunger (2013) and consider the rate of work done on the dykesẆ df = Qp f .
251
The second energy conjecture is that dyke swarms associated with incom-252 pressible sources will energetically favor configurations that minimizeẆ df ,
253
and therefore growth geometry that minimizes the pressure required to drive 254 growth at a fixed rate of influx (Q(t) = Q o ) will be considered advantageous.
255
Furthermore, when the in situ stress σ o is a constant, the minimum ofẆ df 256 coincides with the minimum ofẆ d = Qp, so that once again it is sensible to 257 focus on quantifying the dyke propagation work rate,Ẇ d .
258
Ongoing studies are required to better understand the conditions under 
Approximating the Energy Rate
281
We consider a uniform array of blade-like dykes originating from the same 282 source and maintaining a constant spacing and equal lengths as they grow.
283
In the absence of a fully coupled model that accounts for all of the mechanical 284 interactions among the dykes, a straightforward method for estimating the dykes can be expressed as
in the host rockU (i) , overcomes the work that is done on that dyke by the 290 stresses induced by the othersẆ be neglected for the present study (see Bunger (2013) for a more thorough 295 discussion).
296
For the case of a uniform array of dykes that are at the onset of interaction 297 such that h H, Bunger (2013) shows that
Here L, P , and X are characteristic quantities that estimate the dyke length, of closely spaced dykes (h H),
The governing equations (Eqs. 1-11) directly lead to appropriate expres-306 sions for L, P , and X. A useful technique (after Detournay (2004)) is to
whereupon the objective becomes to define {X, P, L} such that the dimen- Source Condition Spacing Table 1 , the input power for the widely-spaced
On the other hand, for the closely-spaced (h H) regime, the approxima-
351
tions from Eq. (16) lead to when h ≈ H given by
Recalling thatẆ d ≈ p 0 Q, we can therefore estimate the total rate of influx 376 to the swarm from the magma source when h ≈ H as
By integrating Q with respect to time we can obtain an estimate of the 378 volume of the swarm, V , given by
Note that the factor of 2 that arises from the integration of Q has been 380 dropped because it is spurious in light of the fact that these quantities are 381 intended to estimate order of magnitude, not to provide precise predictions. power as a function of h/H in Figure 3 . This result, and indeed direct 
On the other hand, for the closely-spaced (h H) regime, the approxima-404 tions from Eq. (16) lead to
To leading orderẆ d ≈ Q o P in both cases, with P from normalizing by a characteristic power become important and will at some point change the sign of dẆ d /d(h/H).
434
The situation is similar for the closely-spaced approximation (Eq. 24), so that two local minima and we can be confident that they will be O(1) and in 448 the ranges 0 < h/H < 1 and h/H > 1. However, we cannot precisely pre-
449
dict the values of h/H that minimizeẆ d nor can we be sure which of the 450 local minima will be the global minimum. This is because the actual large 451 and small h/H expansions embodied in Eqs. (23) and (24) have the form
spectively, where a n and b n are O(1) quantities that must be determined from 
463
The striking conclusion is that there exist two local minima in the input 
542
The systematic outward increase in both mean dyke thickness and spac- Figure S1 shows that the cracks transition from an elliptical shape when 31 widely-spaced to the closely-spaced case wherein it takes a shape that in- 
